Biofilms are defined as layers of cells of microorganisms 17 adhered to the surface of a substrate and embedded in an extracellular matrix 18 and provide an appropriate environment for increased genetic exchange. 19 Extracellular DNA (eDNA) is an essential component of the extracellular matrix 20 of microbial biofilms, but the pathway(s) responsible for DNA release are largely 21 unknown. Autolysis (either spontaneous or phage-induced) has been proposed 22 the major event leading to the appearance of eDNA. The 'suicidal tendency' of 23 Streptococcus pneumoniae is well-known, with lysis mainly caused by the 24 triggering of LytA, the major autolytic amidase. However, the LytC lysozyme 25 and CbpD (a possible murein hydrolase) have also been shown involved. The 26 present work examines the relationship between eDNA, autolysins, and the 27 formation and maintenance of in vitro pneumococcal biofilms, via fluorescent 28 labelling combined with confocal laser scanning microscopy, plus genetic 29 transformation experiments. Bacterial DNA release mechanisms other than 30 those entailing lytic enzymes were shown to be involved by demonstrating that 31 horizontal gene transfer in biofilms takes place even in the absence of 32 detectable autolytic activity. It had been previously suggested that the quorum 33 sensing systems ComABCDE and LuxS/AI-2 are involved in the production of 34 eDNA as a response to the accumulation of quorum sensing signals, although 35 our immunofluorescence results do not support this hypothesis. Evidence that 36 the release of DNA is somehow linked to the production of extracellular vesicles 37 by S. pneumoniae is provided. 38 IMPORTANCE Most human bacterial infections are caused by 39 microorganisms growing as biofilms. Bacteria in biofilms are less susceptible to 40 antimicrobials and to killing by the host immune system, are very difficult to 41 eliminate and cause recalcitrant and persistent diseases. Extracellular DNA is 42 one of the major components of the bacterial biofilm matrix. In the present 43 study, we provide direct evidence of the existence of biologically active 44 (transforming), extracellular DNA in Streptococcus pneumoniae biofilms. In 45 3
eDNA in the biofilm formed by a mutant deficient in CbpD (or its combination with the lytA and lytC mutations) was analyzed. A pspC mutant (strain P234) 198 was included as a control. Notably, eDNA was present even in the ECM of 199 strain P204, a mutant deficient in the three CBPs, i.e., LytA, LytC and CbpD 200 (Fig. 4) . The morphology of the biofilms formed by strain P204 differed from 201 those of R6, with the former biofilms containing fewer microcolonies and larger 202 eDNA patches than the wild type. 203 It is well known that when pneumococcal cells are incubated with 2% choline 204 chloride, CBPs are released into the medium. Those with enzymatic activity are 205 completely inhibited (31), but transformability is not altered (32) . Under these 206 conditions, however, the biofilm-forming capacity is severely reduced (7). This 207 was confirmed in the present work, and might be attributed (at least in part) to 208 the drastically diminished eDNA content of the biofilm. Quite unexpectedly, R6 209 biofilms formed in the presence of 2% choline chloride still showed the 210 presence of eDNA ( Fig. 4 ).
211
The competence QS system is not involved in eDNA release. The 212 presence of eDNA in biofilms formed by additional S. pneumoniae strains 213 possessing combinations of mutations affecting the comA gene and various lytic 214 genes was studied by CLSM. These strains were R391, P203, P204, and P213.
215
The P147 strain (ciaH Tupelo_VT ; SPD_0702/SPD_RS0372) was also included 216 since in previous work our group has shown that CiaR/H, a two-component 217 signal transduction system that mediates the stress response, is in some way: 
276
In vivo studies have shown that eDNA is a major element of biofilms. growing cells reside) within 3 h of growth ( Fig. 1) , it is unlikely that these eDNA 299 fibers were formed exclusively via autolysis. The same conclusion might be 300 drawn from the CLSM images of immunostained planktonic cultures (Fig. 2) .
301
In agreement with previous results, pneumococcal mutants either lacking the 302 major autolysins or deficient in Com or LuxS/AI2 QSs showed limited biofilm-303 forming capacity. However, the results obtained following DNase I treatment of 304 growing or pre-formed biofilms strongly suggest that those biofilms still contain attachments. It should be noted, however, that even at this high concentration, choline does not separate the CBP−DNA complexes that form part of the ECM 312 of S. pneumoniae biofilms (11, 12) . Nevertheless, since the complete inhibition 313 of the enzymatic activity of autolysins takes place under these conditions, an 314 exclusive, direct role for such enzymes in eDNA release appears to be unlikely.
315
More direct evidence was obtained using biofilms formed by strain P204, a triple 316 lytA lytC cbpD mutant, in which the presence of eDNA was also verified 317 (Fig. 4) . The release of eDNA was also observed in biofilms formed by comA 318 mutants or combined comA/autolysin-deficient mutations. Most notably, the 319 existence of biologically active eDNA in pneumococcal biofilmseven when 320 autolysin-deficient strains were used -was fully confirmed by in situ reciprocal 321 transformation experiments (Table 1) 
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